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This paper presents an ecological–economic model for a lake and its watershed systems. We describe the linkage
between the watershed system and the lake aquatic ecosystem and the modeling process. The lake–watershed system
was divided into six subsystems: social system, economic system, terrestrial ecosystem, lake water system, pollutant
system, and lake aquatic ecosystem. The model equations were constructed based on ﬁve main assumptions. The Lake
Qionghai watershed in southwestern China, which is undergoing rapid eutrophication, was used as a case study. The
targeted goals for total phosphorus (TP) and chlorophyll a (Chl a) concentrations in the lake in 2015 are 0.025 and
10.0mgm3, respectively. We present two scenarios from 2004 to 2015 based on the ecological–economic model. In
both scenarios, the TP and Chl a concentrations in the lake are predicted to increase under the effects of watershed
pressures and the targeted goals cannot be met. The application of techniques to reduce pollutants loading and the
corresponding pollutants reductions are reﬂected again in the constructed model. The model predicts that TP and Chl
a concentrations will decrease to 0.024 and 7.71mgm3, respectively, which meet the targeted thresholds. The model
results provide directions for local government management of watersheds and lake aquatic ecosystem restoration.
r 2007 Elsevier GmbH. All rights reserved.
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Freshwater ecosystems are crucial for social develop-
ment (Naiman et al., 1998), but rapid development
within watersheds due to human activities have had
negative ecological consequences on ecosystem struc-
tures, processes, and functions (Western, 2001). For lake
aquatic ecosystems, human activities in the watershed
can lead to loss of keystone species and functional
groups, high nutrient turnover, low resistance, high
porosity of nutrients and sediments, and the loss ofe front matter r 2007 Elsevier GmbH. All rights reserved.
no.2007.11.001
ing author. Tel./fax: +86 10 6275 1921.
ess: hcguo@pku.edu.cn (H. Guo).productivity. Therefore, it is necessary to restore aquatic
ecosystems based on the understanding of the link
between watershed changes and the corresponding
effects on the lake aquatic ecosystem. The goals of
ecological integrity and health should be maintained
despite intensive human activities (Kramer et al., 1997;
Beaulieu et al., 1998; Oglethorpe and Sanderson, 1999;
Roe and van Eeten, 2002). The relationship between
society and ecosystems should be harmonized at the
watershed scale, and the lake–watershed ecosystem and
society should be treated as integrated systems.
To determine the ongoing human–nature interactions
in order to develop policy for regional sustainable
development, an interdisciplinary approach and system
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Vandenbergh and Nijkamp, 1991), and it is necessary
for scientists to employ sound ecological principles and
provide interdisciplinary ideas for decision makers
(Naiman et al., 1998). Ecological economics provides
an effective means to handle interdisciplinary problems
with social, economic, and ecological dimensions (Shi
and Gill, 2005). The paper ‘‘Production, Consumption,
and Externalities’’ is considered to be the ﬁrst systematic
framework to integrate economic and ecological pro-
cesses (Ayres and Kneese, 1969; Milon and Shogren,
1995), and ecological economics has been often used at
the regional scale (Suh, 2004).
Models can be useful management tools. To include
the complexities of ecosystems and social systems,
economic or ecological models alone cannot achieve
good predictions. Thus, integrated ecological–economic
modeling has developed since the 1980s (Gao, 2003).
Despite the differences between economic and ecological
models, they contain some commonalities in the
methods of analysis and modeling procedures, such as
systems analysis, information integration, modeling,
and application (Campbell, 2001). Thus, ecological–e-
conomic modeling, which can be used to integrate social
systems and ecosystems, has been widely applied in
decision making (Costanza et al., 2002; Drechsler and
Wa¨tzold, 2006). The relationships among the systems
are analyzed before the models are built. Land-use
changes and subsequent consequences for natural and
social systems have been the focus of the previous
studies (Camara et al., 1986; Costanza and Gottlieb,
1998; Fohrer et al., 2002; Moxey et al., 1995; Munier
et al., 2004; Pickett and Cadenasso, 2002; Suh, 2004;
Weber et al., 2001). System dynamics (SD), the Delphi
method, scenario analysis, input–output models, and
landscape models have been commonly applied (Chap-
pelle, 2001). The Patuxent landscape model by Costanza
et al. (1997) is considered to be a successful application
of ecological–economic modeling at the watershed scale.
The model contains both economic and ecological
systems, and the effects of interrelated ecological and
economic factors on the watershed landscape are
modeled (Costanza et al., 1997; Voinov et al., 1999).
Similar studies that have addressed the different
economic and environmental implications of landscape
design scenarios include that of the Walnut Creek
watershed in Iowa (Coiner et al., 2001), the Delaware
estuary model (Russell, 1995), and the integration of
economic, environmental, and GIS modeling to target
cost-effective land retirement in multiple watersheds
(Yang et al., 2003).
Despite these achievements, the ecological–economic
modeling of lake–watershed systems, especially of the
linkage between the lake ecosystem and its watershed, is
rarely studied. Although watershed pressures have been
considered in ecological models of lake aquatic ecosys-tems in previous studies, they are often treated as
external variables; the models focused mainly on
pollutants, and the effects of water resources and direct
economic activities were largely ignored. Joint research
to examine the direct linkages between watersheds and
aquatic ecosystems is rare. One example is the SD model
of Lake Uluabat in Turkey, which was constructed to
reﬂect the balance between the ecosystem and economic
activities in the watershed (Guneralp and Barlas, 2003).
Three sectors were employed in this model: the lake
aquatic ecosystem, economic activities, and social
structure. The model contained 11 assumptions, and
the results were analyzed to provide policy alternatives.
This model can be improved based on detailed analyses
of the linkages.
As an extension of previous ecological–economic
modeling efforts, we focused on developing a compre-
hensive ecological–economic model of lake–watershed
systems and sought to apply the proposed method to
decision making regarding Lake Qionghai in south-
western China. The proposed model consists of the
following subsystems: economic, water resource, lake
aquatic ecosystem, terrestrial ecosystem, and social
system. We expected our results to aid not only
scientists, engineers, and planners in understanding the
complexity of lake–watershed systems and interactions
among system components, but also to help local
authorities manage the lake aquatic environment in an
effective and efﬁcient way.Study area and information integration
Background information
Lake Qionghai, an altiplano lake in southwestern
China, is the second largest freshwater lake in Sichuan
Province and part of the Yangtze River system (Fig. 1).
At normal water levels, the lake has an area of 27.88 km2
and a volume of 2.89 108m3. The Lake Qionghai
watershed is located between 271470 and 271510N and
1021160 and 1021200 E, and covers an area of 307.67 km2.
The watershed contains a complex system of intimately
interacting social, economic, and environmental com-
ponents.
The coverage of mountains is more than 80% in the
watershed, which results in different hypsography falls
and densely covered rivers and streams. In the study
area, the stream density is 0.68 km2. There are several
main rivers in the area: Guanba River, Ezhang River,
Qing River, Gangou River, and others (Table 1).
The study area is composed of six tributary basins. To
fully reveal the impacts of the basin characters to the
nutrient loading, 20 smaller basins are partitioned based
on our previous study (Fig. 2 and Table 2) (Liu et al.,
2006).
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Fig. 1. Lake Qionghai and the watershed in southwestern
China, modiﬁed from Liu et al. (2006).
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nated. Over the years, with regional development, the
watershed has been threatened by eutrophication due to
excessive pollutant loading from point and nonpoint
sources (Jin, 1995). Domestic sewage from urban
population, agricultural runoff, soil losses, and atmo-
spheric deposition are taken as P inﬂows into Lake
Qionghai, among which agricultural runoff and soil
losses are the main sources.
The artiﬁcial manures in the rural areas, including the
human excreta, livestock egesta, residues from the
marsh pools, and the chemical fertilizers, are used as
nutrients for the croplands. The main cropland types in
the watershed include paddy ﬁelds, dry farmland, andorchard ﬁelds. The nutrient exporting from the crop-
lands is mainly due to the irrigation. In addition,
according to ﬁeld investigations, soil erosion and
periodic ﬂow of mudrock bring large amounts of
nutrients and heavy metals into the lake (Liu et al.,
2007a). The soil losses of the Lake Qionghai watershed
can be referred in Table 3.
The average annual concentration of total phos-
phorus (TP) and total nitrogen (TN) in Lake Qionghai
increased rapidly from 0.001 and 0.012 gm3, respec-
tively, in 1988 to 0.041 and 0.388 gm3, respectively, in
2003. The recent trends of TN, chlorophyll a (Chl a) and
TP from 1997 to 2003 of three regular monitoring sites
(A–C in Fig. 1) were shown in Fig. 3. In addition, the
Chl a concentration in 2003 is 16.06mgm3. June, July,
and August are the 3 months with highest phytoplank-
ton numbers in the lake (Fig. 4). The water quality of
Lake Qionghai does not meet targeted goals. The lake is
undergoing rapid eutrophication, especially since the
implementation of the ‘‘Develop the West’’ campaign by
the China central government in 2000. This situation
will worsen if strict countermeasures are not imposed to
reduce external pollutants and restore the aquatic
ecosystem. Because phosphorus (P) is the limiting
nutrient for Lake Qionghai (Liu et al., 2006), we place
much focus on its analysis.
According to local scientists and governments, the
primary goal is to restore the aquatic ecosystem of Lake
Qionghai. Thus, the corresponding threshold Chl a
concentration in Lake Qionghai should be 10mgm3
(Jin, 1995). The water quality should meet the require-
ments of the Environmental Quality Standards for
Surface Water issued by the State Environmental
Protection Agency of China (SEPA), which state that
the TP concentration should be kept below 0.025 gm3.
Thus, a comprehensive program is essential to protect
the regional environment and restore the aquatic
ecosystem over the period 2004–2015, as advised by
the local government.Data sources and information integration
Field sampling, monitoring, literature reviews, and
interviews are often the main data sources for watershed
modeling (Endter-Wada et al., 1998; Lant et al., 2005;
Oglethorpe and Sanderson, 1999; Roe and van Eeten,
2002). In this study, the ﬁeld investigation took place
between April 2003 and July 2004. The fundamental
watershed data, including lake volume, river inﬂow and
outﬂow, biomass of aquatic vegetation and ﬁshes,
pollutant discharge, and atmospheric deposition, were
obtained by ﬁeld sampling and monitoring (Fig. 5).
Lake water samples were collected on a monthly basis
(Liu et al., 2007b). Water samples were collected twice
per month, from the surface and 3m in depth using Van
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Table 1. The hydrographic features of the rivers in Lake Qionghai Watershed
River Area of
subwatershed
(km2)
Population River
length
(km)
Average
river slope
(%)
Average
annual runoff
depth (m)
Average
annual runoff
(108m3)
Average
ﬂow
(m3 s1)
Guanba River 121.60 19,716 21.90 58.6 440 0.535 1.696
Ezhang River 50.14 3295 10.59 101.9 440 0.221 0.700
Gangou River 31.58 13,637 9.63 30.6 420 0.133 0.422
Dagou River 10.23 1485 3.35 18.8 415 0.043 0.136
Qing River 6.375 409 3.35 99.7 415 0.026 0.082
Tagou River 5.175 1197 4.30 124.7 415 0.021 0.067
Hongyan River 3.725 1879 3.45 107.0 415 0.015 0.048
Others 52.08 42,535 2.2 104.5 825 0.214 0.678
 Qionghai 
Lake  
Legend
0    2     4   6 km
N 
Watershed boundary
River
Tributary Basins
boundary
I1
I2
II7
II6
II3
II4II5III8
III9
III10
IV11
IV12
V13V14
V15
V16
V17
V18V19
VI20
S 
E W 
Xichang 
City
Fig. 2. Lake Qionghai watershed and the 20 tributary basins
(Liu et al., 2006).
Y. Liu et al. / Limnologica 38 (2008) 89–10492Dorn’s plastic bottles and seven random samples for one
monitoring site. The temperature, pH, and electrical
conductivity (EC) of each water sample were determined
at the sampling points by a digital pH-EC meter. All the
other water quality parameters were sampled, preserved,
delivered and analyzed using the standard methods of
APHA (1998).
Historical information on the population, economic
and social activities, land coverage, and pollutant
loadings were assessed from the literature, statistical
reports, and published administrative documents. Inter-
views were another important source of information.
The key point of the interviews was audience identiﬁca-
tion, which allowed the recognition of stakeholders andthe assessment of their interests in the studied system
(Castillo et al., 2005). We classiﬁed the audiences and
stakeholders into three groups: core, marginal, and
external audiences (Liu et al., 2005). Each group had
different opinions on watershed problems, with distinct
concerns. All were involved in the processes of problem
identiﬁcation, forecasting, scenario prioritizing, and
policy making for the restoration of Lake Qionghai.
The integration of information at different temporal
and spatial scales is important for modeling. The main
challenge is that the information obtained contains
different types of factors, from different sources and in
different forms. A critical part of information integra-
tion is to indentify key variables, processes, functions,
and boundaries (Slocombe, 2001). In lake–watershed
systems, an interdisciplinary understanding of social and
ecological systems is absolutely necessary to deal with
the complex relationship between society and nature
(Barry, 1999). Developing a systemically conceptual
model, identifying interactions and connections among
system components, and creating multidisciplinary
teams are the three stages for information integration
across domains and disciplines (Slocombe, 2001).Model description and methodology
Conceptual description of the model
Structures and processes are the core elements of
system analysis (Lant et al., 2005). Humans are an
integral part of lake–watershed systems (Endter-Wada
et al., 1998), including their political, economic, and
sociocultural systems (Campbell, 2001). Human activ-
ities can directly affect lake and watershed ecosystems,
which are mainly constituted by land coverage, water
resources, hydrological systems, and aquatic ecological
processes. The conceptual description of watershed
ecological–economic modeling and the linkage between
the watershed and the lake are shown in Fig. 6, which
provides a foundation for constructing model equations.
ARTICLE IN PRESS
Table 2. The 20 tributary basins of the Lake Qionghai Watershed
Basin Area
(km2)
Percentage of different land-use types area (%)
Town
areas
Dry
cropland
Abandoned
pasture
Roads Forested
upland
Orchard
ﬁelds
Water
area
Garden Uncovered
gravel
I1 35.39 7.50 25.83 6.64 0.06 35.07 20.95 1.37 2.58 0.00
I2 5.59 9.47 22.13 0.00 0.22 0.00 50.62 17.25 0.31 0.00
II3 47.58 4.73 26.29 12.02 0.03 52.39 2.30 0.03 0.11 2.10
II4 22.48 3.60 30.79 9.84 0.00 42.22 9.68 0.09 0.83 2.95
II5 28.16 1.33 17.22 3.47 0.00 60.73 11.06 2.20 2.51 1.48
II6 25.31 8.62 17.94 4.70 0.45 49.62 8.95 2.64 6.46 0.62
II7 9.90 14.65 6.83 0.00 0.16 0.00 72.44 5.74 0.18 0.00
III8 6.35 3.93 21.68 4.92 0.00 59.52 7.06 2.11 0.76 0.02
III9 9.46 16.89 7.58 2.82 0.00 33.80 25.15 6.28 7.48 0.00
III10 6.16 4.26 4.31 5.64 0.00 42.03 35.49 2.63 5.01 0.63
IV11 50.23 0.90 19.99 1.50 0.47 73.00 0.83 1.77 0.67 0.87
IV12 0.22 14.55 29.74 1.30 0.00 0.00 46.17 8.24 0.00 0.00
V13 3.68 1.99 15.74 2.10 0.43 47.37 23.85 1.39 7.13 0.00
V14 5.29 1.69 8.23 29.92 0.00 54.13 4.13 0.84 1.06 0.00
V15 2.15 2.04 45.58 6.70 0.00 36.60 3.20 0.41 5.47 0.00
V16 8.87 3.88 27.15 9.99 0.66 54.03 3.02 0.80 0.47 0.00
V17 2.47 8.09 24.93 4.62 0.00 21.76 34.91 3.17 2.37 0.15
V18 0.32 12.95 16.18 1.35 0.00 1.62 64.63 2.76 0.51 0.00
V19 0.55 16.20 59.20 0.44 0.00 0.00 20.80 1.78 1.58 0.00
VI20 9.61 35.00 6.55 0.88 1.22 55.84 0.00 0.00 0.00 0.51
Table 3. The soil losses of the Lake Qionghai Watershed
Basin AEM
(t km2 a1)
Area of soil losses of different types (hm2)
Negligible
erosion
Light
erosion
Moderate
erosion
Strong
erosion
Extreme
erosion
Riverbank
collapse
Localized
landslip
Gully
erosion
I1 1340.81 0.37 2234.36 1109.51 179.06 0.00 16.67 12.50 20.00
I2 230.30 59.74 504.75 0.00 0.00 0.00 0.00 0.00 0.00
II3 3841.92 0.02 2281.02 1650.71 425.54 0.00 120.00 15.00 310.00
II4 2176.88 0.00 1002.14 804.08 368.08 0.00 10.00 0.00 85.00
II5 3317.35 3.67 1269.59 1018.14 341.23 0.00 45.00 5.00 160.00
II6 3537.90 1.65 1262.49 766.34 311.38 0.00 58.33 5.00 150.00
II7 245.15 20.48 975.35 3.57 0.00 0.00 0.00 0.00 0.00
III8 4712.71 0.04 328.53 142.74 89.51 0.00 20.00 0.00 60.00
III9 2313.89 45.19 263.34 337.68 283.89 0.00 0.00 0.00 25.00
III10 562.50 8.86 517.89 61.55 33.92 0.00 0.00 0.00 0.00
IV11 3542.26 0.18 2646.03 807.01 1113.25 111.24 80.00 25.00 287.50
IV12 200.00 2.74 19.78 0.00 0.00 0.00 0.00 0.00 0.00
V13 2987.08 0.38 279.44 26.56 21.22 0.00 4.00 0.00 40.00
V14 2546.34 0.00 245.79 151.98 107.33 0.00 9.00 0.00 20.00
V15 3324.28 0.05 68.85 1.53 138.76 0.00 3.00 0.00 5.00
V16 2972.23 0.00 327.64 85.00 450.31 0.00 12.00 0.00 20.00
V17 1283.80 0.37 174.77 0.00 74.12 0.00 0.00 0.00 0.00
V18 918.55 0.23 26.79 0.00 5.64 0.00 0.00 0.00 0.00
V19 2046.68 2.23 16.08 14.31 23.08 0.00 0.00 0.00 0.00
VI20 752.55 26.23 737.68 99.84 106.28 0.00 0.00 0.00 0.00
Total 2748.23 172.43 15182.31 7080.55 4072.60 111.24 378.00 62.50 1182.50
Notes: AEM means average erosion modulus (Source: Liu et al., 2006).
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Fig. 3. TN, TP and Chl a changes of three regular monitoring sites in Lake Qionghai.
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To explore the complex linkages between lake and
watershed systems, we applied a SD approach to
capture system interactions and feedbacks. A SD
approach is thought to be necessary in modeling suchsystems, and is a valuable tool with which to integrate
information from different domains (Slocombe,
2001; Shi and Gill, 2005). The watershed ecological–
economic model and the lake ecological model
were combined to reﬂect the effects of future water-
shed development on the aquatic ecosystem of Lake
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decision making.
The linkage between the watershed ecological–eco-
nomic model and the lake ecological model (Berkes
et al., 2003) occurs as the effects of water and land use
on lake ecosystem processes (e.g., the export of nutrients
and sediments from the watershed) and the alteration of
hydrological processes in the watershed (SantelmannN 
Lake   Qionghai
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Fig. 5. The six new added sampling sites between April 2003
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102116019.9100E; S2: 27149049.3400N, 102118017.1800E; S3: 271480
22.1000N, 102120003.4500E; S4: 27148030.2800N, 102119029.8800E;
S5: 27148030.2000N, 102118027.3500E; S6: 27149012.0900N, 1021180
54.2800E.
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Fig. 6. The conceptual description of ecological–economic modell
phosphorus, and OS means organic substances.et al., 2001), the effect of ﬁsheries on aquatic ecosystem
structure, and the amounts of pollutants and nutrients
discharged from social activities and the corresponding
effects on Lake Qionghai (Fig. 6).
The model contained ﬁve main assumptions for
describing the main processes: the absence of natural
hazards and catastrophic changes in the demographic
system in the watershed; constant precipitation, climate,
and geographic characteristics; annual average pollutant
concentrations and aquatic biology; Aristichthys nobilis
as the representative ﬁsh based on ﬁeld sampling; and no
inﬂationary effects.System analysis and formulation
The lake–watershed system was roughly simpliﬁed
into six subsystems for speciﬁc analysis: social system,
economic system, terrestrial ecosystem, lake water
system, pollutant system, and lake aquatic ecosystem.
Based on the system analysis, we constructed a SD
model comprising 201 parameters and formulations,
which contained 30 main equations and 72 key
parameters. The main formulations for each subsystem
are listed in the following (Carpenter et al., 1999;
Jorgensen, 1994; Kitchell et al., 2000; Liu et al., 2006;
Oglethorpe and Sanderson, 1999; Reed-Andersen et al.,
2000). We used the software package Vensim PLE
(Ventana Systems; Tracing and Checking, 2002) to
formulate the ecological–economic model of the lake–
watershed system. The fundamental equation used to
evaluate the level of variable A (Level.A) at time t was
Level:AðtÞ ¼ Level:Aðt dtÞ þRate:Adt, (1)
where t and dt are the simulation time and interval,
respectively, Level.A(t) and Level.A(tdt) are the level
variable A at times t and tdt, respectively, and Rate.Land use
Pollutants
Water use
fishery
Population: urban
& rural population
farming & 
stockbreeding
forestry &
orchard
Land &
water use
service
industry
Economic Activities
il losses
drologic
rocess
ydrologic
process
tant in flow
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resource demand affecting economics
resource demandr extracting
fishing
Social System & Watershed Ecosystem
iparian
storation
kage
Governance and
Culture
ing for lake–watershed systems; N means nitrogen, P means
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Runge–Kutta method was used to integrate the model
(Liu et al., 2007a).
Social subsystem
Humans play a major role in the lake–watershed
system. The population size and structure and the rate
of urbanization greatly affect the other subsystems, for
example, the economic subsystem and land and water
resource demands. In 2003, approximately 84,153
permanent residents lived in the watershed, of which
23.53% lived in urban or suburban areas. The popula-
tion in the watershed has a rapid annual rate of increase,
on average 0.89%. The low urbanization rate of rural
residents imposes pressure on farmland use because of
the abundance of highlands and relative shortage of
prepared farmland in the watershed. Rapid population
growth has resulted in serious stress on wastewater
discharge, water supply, and solid waste disposal
systems (Wang et al., 2006). The main formulations
for social subsystem are as follows:
Rural population : RPðtÞ ¼ RPðt dtÞ
þ ðRPAGRRP f AGP;RP RPURPRÞdt, (2)
Urban population : UPðtÞ ¼ UPðt dtÞ
þ ðUPNGRUP þAMP f AMP þRPURPRÞdt, (3)
Urbanization level : UL ¼ UP=TPW ¼ UP=ðUPþRPÞ,
(4)
where RP is the rural population (people); AGRRP is the
average net rate of increase in the rural population
setting at 0.009; fAGP,RP is the policy factor affecting
rural population; URPR is the rate of conversion of rural
to urban population (%); UP is the urban population
(people), 50,985 in 2003; NGRUP is the average net rate
of increase in the urban population, setting at 0.1; AMP
is the annual average immigration (people), setting at
250; fAMP is the policy factor affecting immigration; UL
is the urbanization level (%); VP is the visiting
population (people); TPW is the total population in
the watershed (people).
Economic subsystem
The economic system is composed of agriculture,
industry, and the service industry. According to
statistical classiﬁcations in China, agriculture can be
divided into crop farming, forestry, stockbreeding,
orchards, and ﬁsheries. The gross domestic product
(GDP) of the Lake Qionghai watershed in 2003 was US
$38.16 million. Agriculture, industry, and the service
industry accounted for 39%, 47%, and 14% of the
GDP, respectively. The production values (PV) of cropfarming, forestry and orchards, stockbreeding, and
ﬁsheries accounted for 56.6%, 1.1%, 32.4%, and 9.9%
of the total agricultural production value, respectively.
These economic activities can result in direct pollution
discharge, water resource consumption, and changes in
land use, which can affect water quality and the lake
aquatic ecosystem. The main formulations for economic
subsystem are as follows. GRFO is a function of AFO and
increasing rate of unit price for economic forest:
GDP : GDP ¼ GDPI þGDPA þGDPSI, (5)
Agricultural GDP : GDPA ¼ GDPFI
þGDPFO þGDPPA þGDPOF þGDPPL, (6)
Industrial GDP : GDPIðtÞ ¼ GDPIðt dtÞ
þGDPIGRI dt, (7)
Service industrial GDP : GDPSIðtÞ ¼ GDPSIðt dtÞ
þGDPSI GRSI dt, (8)
Fishery GDP : GDPFIðtÞ ¼ GPFI AFPðtÞ, (9)
Forestry GDP : GDPFOðtÞ ¼ GDPFOðt dtÞ
þGDPFO GRFO dt, (10)
Farmland GDP : GDPPLðtÞ ¼ GDPPF þGDPDF
GDPPF ¼ APF GPPF ;GDPDF ¼ ADF GPDF, (11)
Orchard field GDP : GDPOFðtÞ ¼ GDPOFðt dtÞ
þGDPOF GROF dt, (12)
Stockbreeding GDP : GDPPAðtÞ ¼ NLSPLS þNPLPPL,
(13)
where GDP is the gross domestic product (million $),
34.79 in 2003; GDPI is the industrial GDP (million;
GDPA is the agricultural GDP (million $); GDPSI is the
service industry GDP (million $); GDPFI is the ﬁsheries
GDP (million $); GDPFO is the forestry GDP (million
$); GDPPA is the stockbreeding GDP (million $);
GDPOF is the orchard GDP (million $); GDPPL is the
farmland GDP (million $); GRI is the annual rate of
increase in GDPI (%), 0.076 in 2005, 0.052 in 2010, and
0.05 in 2015; GRSI is the annual rate of increase in
GDPSI (%); GPFI is the ﬁsh value per unit weight
($ ton1); AFP is the annual ﬁshery production
(ton yr1); GRFO is the annual rate of increase in
GDPFO (%), value at 0.59%; GROF is the annual rate of
increase in GDPOF (%); GPPF is the production value
per unit area of paddy ﬁeld ($ ha1); GPDF is the
production value per unit area of dry farmland ($ ha1),
setting at 1031.25; GDPPF is the paddy ﬁeld GDP
(million $); GDPDF is the dry land GDP (million $); APF
is the area of paddy ﬁeld (ha); ADF is the area of dry
farmland (ha), 77,292 in 2003; NLS is the number of
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number of poultry; PPL is the value of poultry ($) at
$3.25.
Terrestrial ecosystem
Forest is the largest terrestrial ecosystem type in the
watershed; it improves the local environment and water
cycling, and prevents soil losses. The distribution of
different land-use types has a direct effect on resource
consumption, pollutant loading, and land–water inter-
actions. In 2003, towns, dry cropland, abandoned
pasture, roads, forested upland, orchards, water, gar-
dens, and exposed gravel accounted for 5.59%, 18.97%,
5.57%, 0.19%, 44.96%, 11.20%, 10.82%, 1.79%, and
0.91%, respectively, of land-use types in the Lake
Qionghai watershed. The main formulations for terres-
trial ecosystem are as follows:
Paddy-field area : APFðtÞ ¼ APFðt dtÞ  APFRPF dt,
(14)
Dry-land area : ADFðtÞ ¼ ADFðt dtÞ
þ ðAGLRGL;DF  ADFRDF þ ALFÞdt, (15)
Forest area : AFOðtÞ ¼ AFOðt dtÞ
þ ðAGLRGL;FO þ ALFÞdt, (16)
Grassland area : AGLðtÞ ¼ AGLðt dtÞ
 ðAGLRGL;FO þ AGLRGL;DFÞdt, (17)
where RPF is the change in area of paddy land (%); AGL
is the area of grassland (ha), 1711 ha in 2003; RGL,DF is
the percentage of grassland to farmland; RDF is the
change in area of dry land (%); AFO is the area of forest
(ha), 218,641 in 2003; ALF is the area of farmland
converted to grassland (ha yr1); RGL,FO is the percen-
tage of grassland to forest.
Lake water system
Water is the major resource considered in this study.
Inﬂow to and outﬂow from the lake are considered.
Inﬂow includes surface and subsurface water, waste-
water, and precipitation. Outﬂow consists of water
consumption and natural processes. The water con-
sumption sectors are crop farming, livestock husbandry,
ﬁsheries, industry, tourism, residential use, and ecologi-
cal use. The water demand in the watershed was
54.60millionm3 in 2003. The main formulations for
water inﬂow and outﬂow of the lake are as follows:
Lake volume : VQðtÞ ¼ VQðt dtÞ
þ ðV inpre þ V insf þ V inuf þ V inpw  Voutr  Voutv
 VoutpÞdt, (18)Wastewater inflow : V inpw ¼ VSIP þ VUPP, (19)
Artificial water exaltation : Voutp ¼ VDRI
þ VDRA þ VDRP þ VDRSI, (20)
where VQ is the water volume of Lake Qionghai
(108m3); Vinpre is the annual precipitation (10
8m3); Vinsf
is the annual inﬂow of surface water (108m3); Vinuf is the
annual inﬂow of subsurface water (108m3); Vinpw is the
annual inﬂow of wastewater (108m3), 0.016 in 2003;
Voutp is the annual outﬂow of water by artiﬁcial removal
(108m3); Voutr is the annual outﬂow of water by rivers
(108m3), 1.4042 in 2003; VSIP is the annual wastewater
discharge from service industry (108m3); VUPP is the
annual wastewater discharge from urban areas (108m3);
VDRSI is the annual water demand for service industry
(108m3); VDRA is the annual water demand for
agricultural irrigation (108m3); VDRP is the annual
water demand for daily life (108m3); VDRI is the annual
water demand for industry (108m3); Voutv is the annual
evaporation (108m3).
Pollutant system
The main sources of pollutants for Lake Qionghai are
domestic sewage, agricultural losses, soil losses, and
atmospheric deposition. According to our monitoring,
the TP and TN loadings for the lake were 76.69 and
345.92 ton yr1, respectively (data for 2003). Pollutants
can be exported hydrologically and by water resource
development, ﬁshery production, and the harvest of
aquatic plants. The pollutant budget between the
watershed and the lake is substantial for the aquatic
ecosystem of Lake Qionghai. The main formulations for
pollutants inﬂow and outﬂow of the lake are listed as
follows. According to the ﬁeld investigation, there is no
industrial discharging directly into the lake; the pollu-
tants in this study refer to N and P (Liu et al., 2006). Cm
is the quotient of net pollutants inﬂow into the water
column and water volume in the lake. Here water
resource development means artiﬁcial exaltation for
daily life and irrigation, etc.:
Domestic wastewater : DS ¼ UPADUP365 106
þ VPADVP  106, (21)
Agricultural NPS : AL ¼
X8
i¼1
AiFiCAi, (22)
Soil losses : PSR ¼
X21
k¼1
CkQk  106, (23)
Atmospheric deposit : PAD ¼ PPSþ PSS
¼ RCrAQ  103 þ SCsAQ  103, (24)
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Water resource development : PWRD ¼ VoutpCm  102,
(26)
Fishery producing : PEF ¼ PCFAFP; (27)
Aquatic plants harvesting : PEPF ¼ PCAPAPP; (28)
where DS is the pollutants from domestic sewage
(ton yr1); ADUP is the average per-day pollutant
discharge for the urban population (g d1); ADVP is
the average person-time pollutant discharge per visitor
(g d1); AL is the pollutants from agricultural losses
(ton yr1); Ai is the area of different land-use types (ha);
Fi is the manure and fertilizer use for different land types
(kg km2 yr1); CAi is the pollutant loss rates for
different land types (%); PSR is the pollutants in
surface runoff (ton yr1); Qk is the surface runoff
volumes for different subregions (m3 yr1); Ck is the
pollutant concentration in surface runoff for different
subregions of the watershed (gm3); AQ is the Lake
Qionghai surface area (km2); PEF is the pollutant
export from ﬁsheries (ton yr1); S is the atmospheric
dust sinking directly to the lake bottom (kg km2 yr1);
Cs is the average pollutant concentration in atmospheric
deposition (mg kg1); Cr is the average pollutant
concentration in rain (gm3); Cm is the average
concentration of a speciﬁc pollutant in the lake
(gm3); PHE is the hydrological export of pollutants
from Lake Qionghai via the Hai River (ton yr1);
PWRD is the export of pollutants via water resource
development (ton yr1); Ci is the pollutant outﬂow from
Lake Qionghai (ton yr1); PEPF is the export of
pollutants via aquatic plants harvest (ton yr1); PSS is
the pollutants in dust from the atmosphere (ton yr1);
PAD is the pollutant in atmospheric deposition
(ton yr1); PCF is the pollutants in ﬁshes (% of wet
weight); PPS is the pollutants in precipitation (ton yr1);
APP is the annual harvested aquatic plant production
(ton yr1); PWC is the pollutants in the water column
(ton yr1); PCAP is the pollutants in aquatic plants (%
of wet weight); R is the rainfall in the watershed
(mmyr1). The values of the variables in the pollutant
system can be refereed to our previous studies (Liu et al.,
2006).
Lake aquatic ecosystem
The fundamental components of lake aquatic ecosys-
tems are the food web and the circulation of nutrients
such as nitrogen (N), phosphorus (P), and organic
substances (OS). The major circulation processes
include: N–P–OS inputs from the watershed; N–P–OS
uptake by phytoplankton, grazing of phytoplankton
by herbivorous ﬁshes and zooplankton, predation ofherbivorous ﬁshes and zooplankton by carnivorous
ﬁshes and aquatic animals, and microbial decomposi-
tion of dead life forms; N–P–OS sedimentation and
mineralization; N–P–OS dissolution into the upper
water; and N–P–OS outputs to external systems through
the water supply and ﬁshery activities (Scheffer, 1998).
N–P–OS inputs and outputs can be directly linked to the
pollutant system. The main formulations for lake
aquatic ecosystem are listed as follows. The function
of PPGA to the concentrations of TP and TN can be
referred to (Jorgensen, 1994). In the model, an average
phytoplankton:Chl a ratio of 316 is assumed according
to the historical data of Lake Qionghai (Jin, 1995;
Simonit and Perrings, 2005):
Biomass of phytoplankton : PPðtÞ ¼ PPðt dtÞ
þ ðPPGA  PPBRPP  PPMRPP  PPHRPPÞdt, (29)
Biomass of zooplankton : ZPðtÞ ¼ ZPðt dtÞ
þ ðZPAGRZP  ZPBRZP  ZPMRZP
 ZPHRZPÞdt, (30)
Biomass of fishes : FPðtÞ ¼ FPðt dtÞ
þ ðFPGA  FPFRFP  FPMRFPÞdt,
FRFP ¼ 108AFP=FPVQ, (31)
where PP is the biomass of phytoplankton (mgm3),
770 in 2003; PPGA is the annual increase in phytoplank-
ton biomass (mgm3 yr1); BRPP is the respiration rate
of phytoplankton (yr1), setting 0.6; MRPP is the
normality rate of phytoplankton (yr1), setting 0.15;
HRPP is the rate of grazing on phytoplankton (yr
1); FP
is the biomass of ﬁsh (tonm3); FRFP is the rate of
grazing on ﬁsh (yr1); ZP is the biomass of zooplankton
(mgm3), 1620 in 2003; AGRZP is the actual rate of
increase in zooplankton (yr1), setting 0.7; BRZP is the
respiration rate of zooplankton (yr1), setting 0.02;
MRZP is the normality rate of zooplankton (yr
1),
setting 0.3; HRZP is the rate of grazing on zooplankton
(yr1); FPGA is the annual increase in ﬁsh biomass
(ton yr1); MRFP is the normality rate of ﬁsh (yr
1),
value at 0.05 (Jin, 1995).
Model behavior
The model was trained and calibrated using data from
1988 to 1997 and veriﬁed using data from 1998 to 2003.
The simulation period was from 2004 to 2015. The
veriﬁed variables included GDP, TPW, Voutp, Vipw,
GDPA, GDPI, GDPSI, and TN, TP, and Chl a
concentrations. Eighteen variables were used for sensi-
tivity analyses following the method in Guo et al. (2001).
The relative error for the certain variable can be
ARTICLE IN PRESS
26 27 28 29 30 31 32 33 34
26
27
28
29
30
31
32
33
34
Observed value
Si
m
u
la
tin
g 
da
ta
81 82 83 84 85 86
81
82
83
84
85
86
Si
m
u
la
tin
g 
da
ta
Observed value
51 52 53 54 55 56 57
51
52
53
54
55
56
57
Observed value
Si
m
ul
at
in
g 
da
ta
0.7 0.8 0.9 1.0 1.1 1.2
0.7
0.8
0.9
1.0
1.1
1.2
Si
m
u
la
tin
g 
da
ta
Observed value
29 30 31 32 33 34
29
30
31
32
33
34
Si
m
u
la
tin
g 
da
ta
Observed value
28 29 30 31 32 33
28
29
30
31
32
33
Si
m
ul
at
in
g 
da
ta
Observed value
5.5 6.0 6.5 7.0 7.5 8.0 8.5
5.5
6.0
6.5
7.0
7.5
8.0
8.5
Si
m
ul
at
in
g 
da
ta
Observed value
0.2 0.4 0.6 0.8 1.0 1.2
0.2
0.4
0.6
0.8
1.0
1.2
Si
m
ul
at
in
g 
da
ta
Observed value
0.04 0.06 0.08 0.10 0.12 0.14 0.16
0.04
0.06
0.08
0.10
0.12
0.14
0.16
Si
m
ul
at
in
g 
da
ta
Observed value
11 12 13 14 15 16 17 18 19 20
11
12
13
14
15
16
17
18
19
20
Si
m
u
la
tin
g 
da
ta
Observed value
c d
e f
g h
i j
Fig. 7. The veriﬁcation of the ecological–economic model for Lake Qionghai watershed. (a) GDP (gross domestic product),
(b) TPW (total population in the watershed), (c) Voutp (annual outﬂow of water by artiﬁcial removal), (d) Vipw (annual inﬂow of
wastewater), (e) GDPA (agricultural GDP), (f) GDPI (industrial GDP), (g) GDPSI (service industry GDP), (h) TN (total nitrogen),
(i) TP (total phosphorus) and (j) Chl a (chlorophyll a).
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RE ¼ OV SV
OV
 100%, (32)
where RE is the relative error, OV is the observed value,
and SV is the simulation result. The relative errors of
some key variables indicated relatively good consistency
(Fig. 7). However, the relative errors of aquatic
variables such as TN, TP, and Chl a were larger than
those of other variables (Fig. 8).Scenarios and the corresponding ecological
effects
Two watershed system scenarios were developed
based on discussions with local stakeholders, experts,
and governmental ofﬁcials. Scenario I represents wa-
tershed changes under the present development module,
whereas scenario II reﬂects watershed changes under18.0%
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Fig. 8. The relatively errors for the variables in the ecologi-
cal–economic model.
Table 4. The scenarios from the ecological–economic model for L
2003
2006
Scenario I Scenario II
GDP (million $) 34.79 37.77 40.56
TPW (thousand) 84.15 86.4 91.0
UL (%) 23.53 27.55 47.54
Voutp (millionm
3) 54.60 51.00 52.00
VDRI (millionm
3) 2.35 2.30 2.40
VDRA (millionm
3) 47.50 44.00 44.10
VDRSI (millionm
3) 0.30 0.30 0.50
VDRP (millionm
3) 3.95 4.30 5.20
Vipw (millionm
3) 1.25 1.551 2.820
VSIP (millionm
3) 0.26 0.287 0.421
AFO (ha) 2,18,641 2,20,013 2,21,955
ADF (ha) 77,292 75,213 74,003optimal development, including the promotion of both
service industry growth, for example, tourism and
commerce, with increased urbanization (Liu et al.,
2007a). The effects of these two scenarios on the aquatic
ecosystem were modeled.Scenarios I and II from watershed model
Under scenario I, the current rate of growth and
policies and plans for watershed management were
maintained. The GDP was predicted to increase to US
$74.49 million by 2015, and the Voutp to decrease from
54.600millionm3 yr1 in 2003 to 47.00millionm3 yr1 in
2015 because of the rapid decrease in VDRA. The Vipw
reached 2.643millionm3 in 2015. The area of dry land
decreased, whereas that of forestry increased (Table 4).
Under scenario II, the service industry prospered. The
GDP in 2015 was higher than that predicted in scenario
I, with higher demand on water and land resources
and thus more pollutants discharged into the lake
(Table 5).Ecological effects of the scenarios
Under both scenarios, the increases in the population
and pollutant discharge and the changes in the
terrestrial ecosystem undoubtedly affect the lake aquatic
ecosystem. For example, the models show that both TP
and Chl a concentrations in the lake will continue to
increase (Fig. 9), potentially resulting in increased
eutrophication and phytoplankton blooms and de-
creased water quality. Lake Qionghai is located on the
Yunnan–Guizhou Plateau, and has comparatively
strong radiation and high average temperature, which
promote the growth of phytoplankton. In addition, the
turnover time of water in the lake is long and the
average depth is about 10m. These factors make theake Qionghai
2010 2015
Scenario I Scenario II Scenario I Scenario II
51.20 68.01 74.49 113.85
89.2 101.4 92.0 108.5
36.43 65.98 44.09 74.38
47.00 51.00 47.00 53.00
2.70 3.10 3.10 3.80
39.00 40.40 37.00 40.00
0.50 1.30 0.90 2.20
5.00 6.60 5.50 7.50
2.117 4.361 2.643 5.260
0.485 1.136 0.790 1.954
2,23,742 2,25,742 2,27,657 2,29,549
73,015 71,597 71,144 70,014
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Table 5. The estimated annual phosphorus budgets of domestic sewage (DS), agricultural losses (AL) and pollutants in surface
runoff (PSR) in Lake Qionghai Watershed
Basin (ton a1)
2005 2010 2015
DS AL PSR DS AL PSR DS AL PSR
I1 0.00 8.50 1.05 0.00 8.50 1.05 0.00 7.93 1.31
I2 0.00 7.60 0.03 0.00 7.60 0.03 0.00 7.09 0.04
II3 0.00 10.20 3.51 0.00 10.20 4.03 0.00 9.51 5.01
II4 0.00 5.10 0.83 0.00 5.10 1.08 0.00 4.76 1.34
II5 0.00 5.10 1.79 0.00 5.10 2.06 0.00 4.76 2.56
II6 0.00 5.10 1.70 0.00 5.10 1.98 0.00 4.76 2.46
II7 0.23 4.10 0.05 0.23 4.10 0.05 0.36 3.82 0.06
III8 0.00 0.50 0.66 0.00 0.50 0.66 0.00 0.47 0.82
III9 0.23 2.70 0.48 0.23 2.70 0.48 0.36 2.52 0.60
III10 0.05 1.80 0.06 0.05 1.80 0.08 0.09 1.68 0.10
IV11 0.00 4.20 3.37 0.00 4.20 3.92 0.00 3.92 4.88
IV12 0.00 0.30 0.00 0.00 0.30 0.00 0.00 0.28 0.00
V13 0.00 0.40 0.19 0.00 0.40 0.24 0.00 0.37 0.30
V14 0.00 1.00 0.23 0.00 1.00 0.30 0.00 0.93 0.37
V15 0.00 0.40 0.12 0.00 0.40 0.16 0.00 0.37 0.20
V16 0.00 1.80 0.46 0.00 1.80 0.58 0.00 1.68 0.72
V17 0.03 0.50 0.02 0.03 0.50 0.07 0.04 0.47 0.09
V18 0.00 1.30 0.00 0.00 1.30 0.01 0.00 1.21 0.01
V19 0.00 0.70 0.02 0.00 0.70 0.02 0.00 0.65 0.02
VI20 6.36 0.00 0.16 6.36 0.00 0.16 9.95 0.00 0.20
Total 6.90 61.30 14.72 6.90 61.30 16.95 10.80 57.16 21.09
Note: PAD (pollutant in atmospheric deposition) is assumed at 0.65 ton a1 (Source: Liu et al., 2006).
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Fig. 9. The corresponding concentrations of TP and Chl a in the two scenarios; TP means total phosphorus; and Chl a means
chlorophyll a.
Y. Liu et al. / Limnologica 38 (2008) 89–104 101aquatic ecosystem of Lake Qionghai more susceptible to
degradation and difﬁcult to restore from impairment.
Integrated analysis and policy implications
Scenario II is thought to be the ideal scenario by local
government and stakeholders based on interviews
performed in April 2004. Therefore, we focused on the
analysis of potential countermeasures and correspond-
ing improvements in the aquatic ecosystem in LakeQionghai under scenario II. One direct countermeasure
is to reduce pollutant loads to the lake. For example,
under scenario II, 89.70 ton yr1 P will be discharged to
the lake in 2015 (Table 5) (Liu et al., 2006). In addition,
considering the probability of error in the forecast
(Fig. 7 and Fig. 8), TP and Chl a concentrations should
be controlled at the much stricter thresholds of about
0.024 gm3 and 8.0mgm3, respectively. Thus, P load-
ing must be reduced to 68.6 ton yr1 to maintain lake
water quality.
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Fig. 10. The corresponding concentrations of TP, ZP, and Chl a from the modiﬁed model; TP means total phosphorus; ZP means
zooplankton; and Chl a means chlorophyll a.
Y. Liu et al. / Limnologica 38 (2008) 89–104102Some essential techniques to reduce P loading include
point source control, nonpoint source control, preven-
tive engineering to reduce soil loss and debris ﬂow,
dredging of lake sediments, restoration of natural
wetlands in riparian areas, ecological restoration of
riparian areas, forest maintenance, and rural ecological
engineering. Taking these countermeasures into con-
sideration in Eqs. (20)–(27), the reductions in P were
calculated as 1.9 ton yr1 for the control of point source
discharge, 9.4 ton yr1 for nonpoint source control and
rural ecological engineering, 11.0 ton yr1 for soil loss
prevention and forest maintenance, and 0.2 ton yr1 for
riparian restoration and dredging. This results in a
potential total P reduction of 22.5 ton yr1, which meets
the anticipative goal at a total cost of US $131.25
million (Liu et al., 2006).
The model was modiﬁed to include the effects of
reductions in pollutant loads to the lake (Fig. 10). With
these reductions, the TP and Chl a concentrations will
decrease to 0.024 gm3 and 7.71mgm3, respectively,
which meet the targeted thresholds. Thus, the aquatic
ecosystem will be expected to improve in the years
following improvements.Discussion and conclusion
The ecological improvement of Lake Qionghai
requires a total investment of US $131.25 million,
whereas under scenario II, the GDP will increase to US
$113.85 million in 2015, with a total cumulative GDP
for the 2004–2015 period reaching US $884.6 million.
According to the policy issued by the SEPA in 2001,
affordable environmental investment (AEI) should
equal about 1.3% of the regional GDP. Thus, the
available annual investment for environmental–ecologi-
cal engineering should reach US $11.50 million between
2004 and 2015 (Liu et al., 2007a). An obvious shortage
exists in the investment required, which poses a large
burden on the local government. A compromiserelationship between the pursuit of economic develop-
ment and the burden to the natural ecosystem must be
attained for most areas of China. Therefore, it is urgent
that money be raised or institutional incentives and
economic policies be implemented to induce external
corporations to jointly develop and implement these
ecological engineering techniques in the study area. For
example, building–operating–transferring (BOT) me-
chanisms could be introduced in wastewater treatment
plants.
The lake and its watershed are complex and uncertain
systems, and despite the simplicity of the proposed
model, it is the ﬁrst attempt to model this system while
considering the major local systems and stakeholders.
Efforts can be made to improve the model structure,
predictions, and corresponding policies and counter-
measures based on continuous long-term monitoring.
An adaptive management process, including monitor-
ing, model revision, evaluation of management pro-
grams, and feedback, should be established to facilitate
the restoration of Lake Qionghai. Certain uncertainties
are associated with the processes of modeling and
management (Drechsler and Wa¨tzold, 2006), which
can be better addressed by introducing related methods
such as Monte Carlo simulations and bootstrap
techniques. Uncertainties in the management process
should be emphasized, and methods and theories can be
applied, for example, scenario analysis, post-normal
science, and multicriterion evaluation, to fully reﬂect the
potential system changes and the concerns of local
stakeholders (Munda, 2004).
Our proposed ecological–economic model for the
lake–watershed system consisted of six subsystems:
social system, economic system, terrestrial ecosystem,
lake water system, pollutant system, and lake aquatic
ecosystem. We presented two likely scenarios, and the
TP and Chl a concentrations did not meet the targeted
goals under either. Thus, it is advisable to use various
techniques reduce P loading to the lake. Considering
the effects of these proposed techniques, the model
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Y. Liu et al. / Limnologica 38 (2008) 89–104 103predicted that TP and Chl a concentrations should
decrease to 0.024 gm3 and 7.71mgm3, respectively,
which meet the targeted thresholds. This case study
shows that ecological–economic modeling can be
utilized for practical lake restoration and decision
making.Acknowledgment
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